Assuming that the underlying model satisfies some general requirements such as renormalizability and CP conservation, we calculate the non-relativistic one-loop cross section for any self-conjugate dark matter particle annihilating into two photons. We accomplish this by carefully classifying all possible one-loop diagrams and, from them, reading off the dark matter interactions with the particles running in the loop. Our approach is general and leads to the same results found in the literature for popular dark matter candidates such as the neutralinos of the MSSM, minimal dark matter, inert Higgs and Kaluza-Klein dark matter.
Little is known about the nature of Dark Matter (DM), even though its existence has been firmly established by multiple astrophysical and cosmological observations. We know its abundance ( Ω DM h 2 = 0.1197 ± 0.0022 [1]), the fact that interacts very weakly with normal matter and that was cold during the time when the first structures formed in the early universe. These properties naturally arise in scenarios where DM is a Weakly Interacting
Massive Particle (WIMP) and make the latter very compelling DM models (For reviews see Refs. [2, 3] ). One of the chief predictions of such models is the possibility that DM can annihilate into SM particles. Among these, gamma rays are particularly important because, in contrast to charged particles, they are not deflected when they propagate through astrophysical environments and thus point towards the region where they were produced.
Even more important are gamma-ray lines: since no astrophysical process is known to produce them, the observation of one of them would strongly suggest the existence of WIMP DM, specially if they come from a region where the concentration of DM is known to be high (For a review, see e.g. Ref [4] ). In fact, the non-observation of statistically significant gamma-ray lines 1 by Fermi-LAT [13] [14] [15] [16] [17] [18] or H.E.S.S. [9, 19] allows to set stringent limits on the DM annihilation cross section into monochromatic photons. Similar limits have been derived using the CMB anisotropies measured by the Planck satellite [20] (and references therein).
Consequently, in a given DM model, it is very important to calculate the cross sections of processes leading to gamma-ray lines. Nevertheless, in contrast to other annihilation channels, this task is not straightforward. Such processes only arise at one-loop level because, typically, DM does not couple to photons. Moreover, the number of Feynman diagrams increases dramatically with the number of charged particles that couple to DM and run in the loop, which leads to annihilation cross sections that are highly dependent on the DM
1 The DM interpretation of the 130 GeV line found in the Fermi-LAT data coming from the Galactic Center [5] [6] [7] has been disfavored because no evidence of the line was found coming from DM-dominated objects like dwarf galaxies [8] or coming from the Galactic Center by other gamma-ray telescopes [9] . Also, because the line was hinted in places where it could not be due to DM annihilation such as the Earth's Limb [10, 11] and the vicinity of the Sun [12] . In fact, the origin of the line was very likely due to instrumental reasons as implied by the fact that a later analysis of the telescope data showed no evidence of the line [13] .
model.
In view of this situation, most of the studies that calculate the annihilation cross section into gamma-ray lines have been based on specific DM models [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [32] [33] [34] . Early studies focused on certain supersymmetric DM candidates [35] [36] [37] [38] [39] [40] [41] , culminating with the works of
Refs. [42] [43] [44] , which reported the full one-loop calculation for any neutralino of the MSSM annihilating into one or two photons. Another common approach to gamma-ray lines is based on effective theories where the annihilation into photons arises from high-dimensional operators in such way that microscopic details of the model are integrated out [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
In this article, we show that in spite of the complexity of the problem, the cross section for DM annihilations into two photons can be calculated in a general way for any DM model meeting a basic set of requirements. Similar attempts in this direction were done in
Refs. [58, 59] for DM candidates with s-channel mediators, and more generally in Ref. [60] by means of the optical theorem when the DM particles are heavier than the particles running in the loop.
This paper is organized as follows. We start Sec. II by listing the properties that we assume for the DM, which allows us to determine the corresponding Feynman diagrams.
From them, we read off the interactions between DM and the particles in the loop. In Sec. III, we then calculate the annihilation amplitudes and the corresponding cross sections.
In Sec. IV, we summarize our findings and illustrate them with examples from popular DM models. In Sec. V, we present our conclusions. Appendices A discusses the gauge choice of the vector particles in our work. Appendix B gives technical details concerning and the Passarino-Veltman functions for box diagrams in the non-relativistic limit. Finally, in Appendix C, we report some formulas needed to compute annihilation amplitudes.
II. GENERAL PROPERTIES OF THE ANNIHILATION PROCESS DM DM → γγ

A. Classification of the diagrams
In order to systematically study DM annihilations into two photons, we will assume that the following conditions are satisfied:
(i) DM is its own antiparticle and its stability is guaranteed by a Z 2 symmetry. This implies that DM is electrically neutral and that it can not emit photons.
(ii) The underlying DM theory is renormalizable. Consequently, any additional neutral particle, including the DM, do not couple to two photons at tree level.
(iii) In a cubic vertex, photons couple to particles belonging to the same field. For fermions and scalars, this condition follows from electromagnetic gauge invariance. However, for charged gauge bosons, that is not the case because photons could couple to Goldstone and gauge bosons in the same cubic vertex. As discussed below, by choosing an appropriated gauge, we can nonetheless get rid of such vertices and therefore fulfill this condition.
(iv) Particles have spin zero, one-half or one.
(v) CP is conserved.
This set of conditions allows us to classify all diagrams leading to DM annihilation into photons. Eventually, from this classification, we will write down the interaction Lagrangians that give rise to DM DM → γγ and calculate the amplitude.
Let us start by noticing that conditions (i) and (ii) imply that DM does not annihilate into two photons at tree level. Furthermore, the corresponding one-loop amplitude must be finite. The next step is to note that every one-loop diagram must take the form of one of the topologies shown in the left column of Table I , which we enumerate for later convenience.
There are no other possible shapes for a one-loop diagram with four external legs.
Moreover, from condition (i), we know that each diagram must have a Z 2 line starting and ending at the DM particles in the initial state. Also, since conditions (i) and (ii) forbid the radiation of photons from neutral particles in the diagrams, the fields running in the loop must have electric charge. This means that in addition to the Z 2 line, there is a closed line in each diagram carrying electric charge.
The electric charge loop in a given diagram is associated to only one field according to condition (ii), which we generically call Φ if it is charged under the Z 2 symmetry or φ in the opposite case. In addition, some diagrams have neutral particles that are even under the Z 2 symmetry and that we generically call ϕ. All these fields and their quantum numbers are summarized in Table II , where we also show how we will represent them in Feynman diagrams. In particular, lines associated to the Z 2 symmetry are in light blue, whereas, as usual, those associated to the electric charge have an arrow. With these assignments, we just Particle proved that every one-loop diagram has a light blue line with its ends in the DM particles of the initial state as well as a loop carrying an arrow.
Using these observations, we can take each topology in the left column of Table I and assign fields to its lines by following the next procedure 2 . First, we consider all the possible permutations of the external legs. Second, we draw the lines carrying the Z 2 and the electric charge quantum numbers. Finally, we discard the diagrams that violate one of the conditions stated above. In particular, according to the requirements (i) and (ii), we will disregard diagrams whose initial legs radiate photons or have neutral particles directly coupled to two photons. Interestingly, this procedure determines the vertices between the DM and the mediators involved in the annihilation process.
To illustrate the previous procedure, let us first discuss topologies 1, 2 and 3 of Table I .
None of them violates any of our conditions (i)-(v). In fact, they all arise in the one-loop calculation as long as the interaction vertices listed in front exist. These are
We wrote the last interaction as L 1 because, in a renormalizable theory, such quartic in-2 A similar approach was used in Ref. [61, 62] to systematically study the Weinberg operator at one-loop order.
teraction can only come from a cubic interaction in which the photon is replaced by a covariant derivative. Consequently L 1 ⊂ L 1 . Notice that the previous vertices involve direct interaction between DM and the charged mediators.
Let us discuss now topologies 4, 5 and 6. Here, the situation is much simpler. A quick look to the left column of Table I reveals that those topologies have an internal line that does not belong to the loop. The external particles attached to such line could not be a DM particle and a photon, because otherwise DM would radiate photons. Similarly, condition
(ii) implies that these external particles can not be two photons. Consequently, all the viable diagrams that can be constructed out of topologies 4, 5 and 6 correspond to s-channel diagrams involving a neutral particle ϕ, which couples to the DM at tree-level and that subsequently decays into two photons via a loop of charged particles. Hence, for these particular topologies, our problem is reduced to calculating the off-shell decay of ϕ. For that to be possible, we need the interactions responsible for the production
as well as those associated to the decay
Notice that L 5 ⊂ L 5 .
We arrive to the conclusion that, in any DM model satisfying conditions (i)-(v), the annihilation into two photons has an amplitude that can be split into two pieces. The first one includes diagrams associated to topologies 1,2 and 3, in which DM interacts directly with charged particles by means of the vertices in Eq.
(1). The second piece is associated to diagrams with topologies 4, 5 and 6, in which DM interacts with charged particles indirectly via the exchange of a neutral particle in the s-channel.
We would like to remark that, even though the total annihilation amplitude is gauge invariant, that is not necessarily true for the s-channel diagrams separately or the diagrams with topologies 1, 2 and 3. For instance, some parts of the amplitude associated to a schannel diagram typically cancel with others coming from diagrams with topology 2 or 3.
As a result, we have to carefully specify a gauge for our one-loop calculation. In addition, for neutral gauge bosons, we will work in their Landau gauge. This because, as also shown in Appendix A, if the particle on the s-channel is a massive gauge boson, its contribution to the annihilation vanishes in that gauge, and only the corresponding (massless) Goldstone boson must be taken into account. In particular, this implies that L 5 must vanish because its neutral mediator is a scalar and the Lorentz index of the photon field can not be contracted with the resulting bilinear of charge mediators. Hence, topology 6 is not present.
We are now ready to translate the interactions vertices into Lagrangian terms.
B. Interactions of the DM and the mediators
Let us start by pointing out that, according to condition(iv), the DM field must be a real scalar, a Majorana fermion or a real vector field. With respect to the mediators with electric charge, we consider the following possibilities for their fields
Faddeev-Popov ghost (Gh)
We do not consider the possibility of a mediator Φ as a vector boson or a ghost because it is charged under the Z 2 symmetry. In fact, electrically charged spin-1 particles can only be described in a renormalizable way by means of a non-abelian gauge boson, which must not be charged under a Z 2 symmetry. To see this, consider the covariant derivative ∂ µ − igV µ . The whole object must transform in the same way under the Z 2 symmetry, if this is preserved.
Because the first term is even, the second one must be even too.
Concerning the neutral mediators ϕ, Table I clearly shows that they are Z 2 -even bosons with no electric charge. In the Landau gauge, neutral gauge bosons do not contribute (only their Goldstone bosons do). Thus, without loss of generality, we will only consider the possibility of a ϕ as a scalar field. Furthermore, because we are assuming that CP is conserved, we will classify neutral mediators according to their CP-parity.
Using this, we can now write down the most general Lagrangians associated to the interaction vertices of Eq (1), that are compatible with electromagnetic gauge invariance. This is shown in Table III . There, the letters S, F and V specify the type of charged field, and stand schematically for scalar, fermionic and vector, respectively. Furthermore, in each case, we use generic couplings whose subindex corresponds to the Lagrangian they belong to. Since we assume that CP is conserved, g 2 and g 3 are real, while g 1 is either real or purely imaginary depending on whether DM is CP-even or CP-odd, respectively.
Notice that we did not write down the Lagrangians L 1 of Eq.(1), as it is included in L 1 , as explained above. Note also that Faddeev-Popov ghosts are not present in Table III because DM can not couple to them. Ghosts would only couple to DM if this were present in the gauge fixing-term, but that is not possible because it is charged under Z 2 . Furthermore, we do not consider the case of vector DM interacting with other spin-1 particle because for that, on the basis of renormalizability, we would need a non-abelian gauge structure, which is not possible because the DM is charged under Z 2 .
Similarly, we can write down the interactions of the neutral mediator. This is shown in Tables IV and V , where we write L 4 and L 5 , respectively. The couplings g 4 and g 5 are real.
Note that, in contrast to case of DM couplings to charged mediators, here we do need to take into account the presence of ghosts because a scalar particle can interact with them if it also couples to the corresponding charged gauge bosons.
It remains to specify the interactions with photons. For scalar and fermions, this is fixed by gauge invariance and given by the usual expressions
DM field
where D = ∂ − ieQA is the electromagnetic covariant derivative for field with charge Q and A is the photon field.
In contrast, the interactions of the gauge field φ µ with photons are not uniquely determined by electromagnetic gauge invariance. For instance, if F is the electromagnetic field strength, the coupling in front of the renormalizable interaction F µν φ * µ φ ν is in principle not fixed by gauge invariance 3 . For concreteness, from now on we will assume that the couplings of the vector mediator with photons resembles those of the SM W boson, with a possibly different charge. This assumption is not so restrictive as it allows to study DM with electroweak quantum number as well as other scenarios where DM interacts with other gauge bosons arising from larger gauge symmetries such as W bosons in left-right symmetric DM theories (See e.g. Ref. [65, 66] ) or 3-3-1 scenarios (See e.g. Ref. [67] ). Therefore, the vector boson Lagrangian is given by
where L gf is the piece of the interaction obtained by the gauge-fixing procedure in the nonlinear Feynman gauge(see Appendix A for details or Ref. [68] ). This is not the whole story. A massive charged vector field requires also one complex Goldstone boson and four ghosts. In the non-linear Feynman gauge, the former is just a scalar and is properly described by Eq. (4) if its mass is taken equal to that of corresponding gauge boson. The latter, which we denote as φ ± and φ ± , have the same mass of the gauge bosons and interact with electromagnetic field by means of
With all these Lagrangians, we will be able to calculate σv in the next Section.
III. CALCULATION OF THE AMPLITUDE
A. Lorentz structure of the annihilation amplitude DM moves with non-relativistic speeds in astrophysical environments. This was also true during the dark ages, where DM could have potentially alter the CMB if it annihilates producing gamma-ray lines. Therefore, we are only interested in the limit of vanishing DM relative velocity, v = 0. In that case, we will show that the amplitude of DMDM → γγ can be specified by one or few form factors depending on the DM spin.
In the following listing according to DM spin, q and q are the momenta of the final state photons, σ and σ are their helicities and and are the corresponding polarization vectors. Moreover, both particles of the initial state have the same four-momentum p ≡ (m DM , 0, 0, 0) = (q + q )/2.
• Scalar DM: In this case, the annihilation amplitude can be cast as
µν depends only on q and q and, according to the Ward identities,
This, the property · q = 0 and the fact that two scalar particles at rest form a CP-even state imply that
where B is a scalar function. In terms of this, the cross section reads
with the spin-average factor c = 1. Thus, our goal for spin-zero DM is to calculate B.
• Majorana DM: in this case, we first write the annihilation amplitude as
That is, M µν is the amplitude after stripping out the spinors of the DM particles in the initial state. This object has more information than we actually need because we are only interested in initial states with total spin zero. The state with total spin one is banned for identical particles because it is totally symmetric when the two fermions do not move with respect to each other. Following Refs. [42, 69] , we can obtain the amplitude corresponding to the spin-zero initial configuration as
Similar to the scalar case, gauge invariance and CP conservation restrict the annihilation amplitude. Taking into account that two Majorana particles at rest form a CP-odd state, we must have
where B is a scalar function. This can be used to calculate the cross section by means of Eq (9) with the spin-average factor c = 1/4.
Eqs. (8) and (11) show that the helicities of the photons must equal. This can be understood from the fact that the total angular momentum is zero when the DM relative velocity is zero. For scalar particles, this is because there is no spin. For
Majorana particles, that follows from the fact that the spin-one state is not possible.
• Vector DM. In this case, both the initial and final state particles are vector bosons and we can write the amplitude as
Assuming a CP-even initial state, from gauge invariance and Bose statistics, as pointed out in Ref. [23] , it follows that this object can be decomposed as
Hence, our goal is to calculate the function B 1 , B 2 and B 6 (we use this notation to keep the conventions of Ref. [23] ). In terms of these, the corresponding cross section is given by
We are ready to calculate the loop diagrams and the corresponding cross sections. To that end, by means of FeynRules [70, 71] , we have implement all the Lagrangians quoted Section II in FeynArts [72] . Then, we calculate the amplitude for the process DMDM→ γγ in each case and have FormCalc [73] reduce the tensor loop integrals to scalar PassarinoVeltman functions [74] . Since our process of interest has four external legs, our form factors will depend on the two-, three-and four-point functions B, C and D, respectively. For these functions, we follow the conventions of FormCalc. In fact, as we discuss in Appendix B, in the non-relativistic limit the latter must be reduced further to two-and three-point functions.
The corresponding form factors B thus depends only of Passarino-Veltman functions B and C. We now report such form factors for each scenario.
B. Results for topologies 1, 2 and 3: charged mediators interacting directly with DM Let us discuss first the diagrams induced by L 2
Based on general considerations such as Lorentz and gauge invariance, we argued that the corresponding annihilation amplitude can be cast as shown in Eqs. (8) and (12). We explicitly corroborate that and find the following form factors induced by L 2 :
for scalar DM and scalar Φ
, for vector DM and scalar Φ B = 0 (or B 1 = 0) otherwise (15) as well as B 2 = B 6 = 0 for vector DM. Here, we introduce the notation r i ≡ m i /m DM and
Similarly, the diagrams associated to L 3 are
which give rise to form factors induced by L 3 : For relative DM velocities approaching zero, i.e. v → 0, the algorithm for reducing the tensor integrals to scalar functions leads to numerical instabilities and even breaks down for v = 0. This pathological behavior is well-understood and stems from the assumption that the external momenta are linearly independent, which is not true here because both DM particles are assumed to have the same momentum. Following [75] [76] [77] , we reduce the loop integrals dropping such assumption. For a detailed description of this procedure we refer the reader to Appendix B. Using such method, in the case of scalar or Majorana DM, we 
which give rise to 
In addition, for vector DM, s-channel diagrams always lead to B 3 = B 6 = 0. For fermionic mediators, these results fully agree with those of Ref. [58] .
We would like to discuss, as examples, the case of the Higgs and the Z boson as s-channel mediators. They are very important not only because they arise in many DM models but also because we know their couplings to SM particles and consequently their contribution to the annihilation amplitudes can be calculated precisely.
• ϕ as the Higgs boson. If SM scalar doublet is given by
the relevant couplings g 5 are shown schematically in Fig 1. We will use diagrams like this to represent couplings from now on.
h (CP-even ϕ) Table V .
For scalar DM annihilating into photons via the Higgs on the s-channel, we can compute the amplitude by plugging g 5 in Eq. (21). We find
+ 8m
where we scale the fermions contribution with their electric charge and number of colors. If we define (25) and notice that m 
In the following section, we will see that, in realistic models, the last term typically cancels with another one coming from the amplitude associated to L 3 .
Regarding Majorana DM, the contribution to B involving the Higgs in the s-channel is zero, while for vector DM B Notice that if the CP-even scalar ϕ is not the Higgs itself but a neutral particle that mixes with the Higgs and inherits its couplings to the SM particles, we can use the previous expressions for calculating the decay amplitude up to a global factor (obviously, we must also add other possible contributions not present in the SM).
• ϕ as the Z boson. For scalar and vector DM, the amplitude vanishes. For Majorana DM, as explained above, the vector boson Z itself does not contribute to the amplitude in the Landau gauge but we have to account for the contribution of its Goldstone boson, G 0 , to the annihilation process. In that case, while ghosts give zero, SM fermions running in the loop give
where we took g 5 = ±m f /v with a negative sign for the charged leptons, the down, strange and bottom quarks, and a positive sign for the up, charm and top quarks. In the last equation we used the fact that the Goldstone boson is massless in the Landau gauge.
IV. DISCUSSION
A. Summary of the results
Before discussing concrete examples, we would like to summarize our findings. In Section II, we proved that every amplitude form factor can be cast as +Permutations of the external legs.
Hence, in order to calculate the amplitude and obtain the cross section for DM annihilations into two photons, we have to add the contribution of each interaction. The general algorithm to do this is the following: 5. The interactions L 1 involve two charged mediators directly coupled to DM, one is Z 2 -even and the other one is Z 2 -odd. Extract the couplings g 1 . The corresponding contribution to the form factors is given by Eq. (19).
6. Identify the neutral scalar particles ϕ that couple to DM. Obtain L 4 and the corresponding coupling g 4 . Then, determine the charged mediators to which the neutral particle couples to. This gives L 5 and, correspondingly, the coupling g 5 . The total contribution of these particles to the form factors is given by Eqs. (21) . We now discuss six different examples in concrete DM models. We will schematically represent the corresponding mediators with figures like Fig. 1 . There, each mediator is within in a ellipse that further encloses the couplings associated to vertices where only DM and the mediator are involved (i.e. g 2 , g 3 or g 4 ). In addition, if two different mediators are involved in the same vertex, we join them with a line and write the corresponding coupling on it (i.e. g 1 or g 5 ).
B. Concrete examples
Wino and Minimal DM
Here we consider fermionic DM that belongs to a self-conjugate SU (2) L multiplet of dimension N with no hypercharge. This sort of scenario includes Wino DM (for N = 3), or quintuplet Minimal DM (N = 5). In the first case, a stabilizing symmetry is needed and that is the role of R-parity in the MSSM. In the second case, an accidental symmetry protects the stability of DM at renormalizable level.
Here, the only relevant interaction is given by the vertex 
For the Wino case, this equation agrees explicitly with Eq. (22) of Ref. [43] . Even though it can be simplified further in terms of dilogarithms, for the sake of illustration, we will only recast the cross section in the limit m DM m W , that is, when r W → 0. To that end, notice that in that limit, each of Passarino-Veltman functions diverges at most logarithmically.
Notice also that the coefficient in front of C 0 (0, 1, −1, r 
Using this, we find σv = πα
W , in agreement with Refs. [42, 79] . The same expression can also be obtained by calculating the Sommerfeld effect in the limit in which the potential is perturbative [80, 81] .
Scotogenic DM
In this scenario [82, 83] , there two types of fields charged under the Z 2 symmetry: a
T with the same quantum numbers of the SM scalar doublet H, and a handful of right-handed neutrinos N j . The interactions of the scalar doublets are described by
For the right-handed neutrinos, the relevant interactions are with the SM lepton doublets L β , which are given by
The DM candidate is the lightest particle with Z 2 charge. If such particle is one of the right-handed neutrinos, DM can annihilate into photons by means of one-loop diagrams containing a SM charged lepton and H + . The corresponding couplings are shown in Fig. 3 
Singlet scalar DM
Suppose that DM is a scalar field φ, which is singlet under SU (2) L [85, 86] . Then, the only non-trivial interaction of DM with the SM takes place via the so-called Higgs portal 
h (CP-even ϕ) which, according to Eq. (9), corresponds to a cross section
This expression is in agreement with the results of the literature (see e.g. [87, 88] ).
Inert Higgs DM
Suppose that we have an additional scalar doublet H which is charged under a Z 2 symmetry (like the Scotogenic model above, but without right-handed neutrinos). Hence, the relevant interactions are described by Eq. (31) and the DM candidate is the lightest particle that is charged under Z 2 . Without loss of generality, we assume this is the H 0 boson.
In this case, the calculation of the cross section is significantly more difficult than in the previous examples. First, we have diagrams with the Higgs on the s-channel, receiving contributions not only from SM particles (computed already in Eq. (24)) but also from the additional scalar H + . Second, and more importantly, the direct interactions of DM with charged mediators -which give rise to diagrams with topologies 1, 2 and 3-are of two kinds.
One of them is of scalar nature, in which the mediators are scalars H + and G + ; the other one is associated to the gauge interaction, whose charged mediators are H + again and the
All this is schematically represented in Fig. 5 .
The contribution of L 2 and L 3 to the form factor is given by Eqs. (15) and (18)
For the Higgs on the s-channel, we can use Eq. (26) for the SM piece and add, by means of Eq. (21), the contribution associated to the additional charged particle. This is
In the last line, we use m W = e v/2s W , and the fact that, after electroweak symmetry breaking, the charged particle in the doublet and the DM candidate are not longer degenerate in mass. Indeed, m Finally, putting everything together, we obtain
This result agrees with those of Refs. [89, 90] , which were found numerically but not analytically. It also agrees with the cross section obtained with the Sommerfeld effect in the limit of perturbative potential [91] .
Singlet-doublet DM and Higgsinos
In this case, the fields that are charged under Z 2 are all chiral fermions, two of them which are SU (2) L -doublets with hypercharge ±1/2 and one gauge singlet. After electroweak symmetry breaking, one charged fermion D + is obtained along with three Majorana particles.
The lightest of the latter is the DM candidate, which we call N . The reader can find more details of the model and its phenomenology in Refs. [92] [93] [94] [95] . Here just mention that this DM candidate interacts with the SM gauge bosons (and its Goldstone bosons) by means of
where N 21 and N 31 are mixing parameters. Higgsino DM is a particular realization of this scenario when such parameters take specific values and the Z 2 symmetry corresponds to The calculation of the annihilation cross section is similar to that of the inert doublet model. First, we have diagrams with the Z on the s-channel, which nevertheless only receive contributions from the SM fields (see Fig 6) . Hence, we can use Eq. (27) directly. Second, interactions of DM with charged mediators -which give rise interactions type L 1 -are between
All this is summarized in Fig. 6 .
With those couplings, we can use Eqs. (C4) and (C5) to determine the coefficients in front of Passarino-Veltman functions in Eq. (19) . The final result is
Figure 7: Schematic representation of the mediators and the couplings for Kaluza-Klein DM. The annihilation of the Kaluza-Klein (KK) DM particle B (1) into two photons was analyzed in the Ref. [23] . This is a nice example of vector DM where the Z 2 symmetry corresponds to the KK parity (indicated as superscript). The particle content of this model consists of a zero level KK fermion ψ (0) as well as of ξ 
which gives rise to the mediator classification of Fig. 7 with the expressions reported in that paper in the limit m ψ → 0.
V. CONCLUSIONS
Gamma-ray lines produced in WIMP annihilations play a significant role for indirect DM searches because they stand out of the soft featureless background and no astrophysical process is known to produce them. A model-independent study of gamma-ray lines is nevertheless challenging because the calculation of the corresponding cross sections crucially depend on multiple details of the underlying DM model. This work is a step towards such study.
By means of a careful classification of the one-loop diagrams leading to DM annihilation into two photons, we have shown that for any model satisfying conditions (i)-(v), the annihilation amplitude -and consequently, the cross section-can be calculated by just adding different expressions that we report in Eq. (28). Our results were summarized and exemplified in Sec. IV. We also provide a Mathematica notebook where this is done 5 . We find an agreement with previous works done in the context of popular DM models.
A natural extension of this article is applying the same methods for calculating the annihilation cross sections associated to the final states Zγ and hγ. In addition, one can consider going beyond the conditions (i)-(v), for instance by calculating the annihilation cross section into two photons for Dirac or complex scalar DM. We leave this for a future work. 
The solution to this problem is to work in a different gauge. The gauge fixing term in the ordinary Feynman gauge is given by 
Neutral gauge bosons in the s-channel
In this appendix, we show that when DM annihilates into two photons via a massive gauge boson in the s-channel, the corresponding amplitude can be calculated by considering only the associated Goldstone boson in the Landau gauge. This has been used in Ref. [97] in order to calculate the contribution of the process→ Z * → γγ to the SM background for a diphoton signal. Here we generalize their arguments to an arbitrary neutral gauge boson and apply them to DM annihilations.
Let us start by considering the off-shell decay of a vector particle into two photons
After stripping the polarization vectors, the most general decay amplitude, compatible with Bose statistics and Lorentz invariance, is given by
where C i are scalar functions. This expression can be simplified further in the center-of-mass frame. First, there the photons move with opposite three-momentum and consequently their polarization vectors not only satisfy q · = 0 and q · = 0 but also q · = 0 and q · = 0.
This makes C 1 , C 3 and C 6 irrelevant once M ρµν is contracted with the polarization vectors.
In addition, for the same reason, {k, q − q , , } is an orthogonal basis in the center-ofmass frame, which can be used to prove that
ν q α q β /q · q , and consequently that C 4 can be absorbed into C 5 . We conclude that the amplitude is determined by
This is just a restatement of the Landau-Yang theorem [98, 99] . If the gauge boson is on its mass-shell, its polarization vector (k) satisfies k · (k) = 0 and, according to the previous equation, the decay amplitude vanishes. Furthermore, on an arbitrary R ξ gauge (linear or not), the amplitude for the process DMDM → ϕ * → γγ is proportional to
When the vector particle is on-shell, this expression vanishes as expected from the LandauYang theorem. Most importantly, in the Landau gauge, ξ = 0, the expression vanishes even off-shell. The decay of the gauge bosons into two photons is thus given only by the Goldstone boson contribution. Since the latter is a massless scalar, we can calculate the annihilation amplitude by applying the results presented in Sec. III C. 6 Notice that this relation might not be true in an arbitrary frame because the photon polarization vectors are not true four-vectors (for instance, their zero component vanishes in any frame).
with p 5 = p 1 + p 2 and p 6 = p 2 + p 3 . The three-point tensor integrals can now be reduced to scalar integrals
This expression must be compared against the defining expression for the scalar functions
, which leads to
with 
Scalar DM
For the scalar case we always find x 6 = x 7 = x 8 = 0. The non-zero coefficients for each mediator combination are:
• Scalar Φ and scalar φ x 1 = 0 , x 2 = x 4 = 2r 
Majorana DM
In this case, we always obtain x 1 = x 6 = x 7 = x 8 = 0. As for the non-zero coefficients, they are listed in the following according the mediators in each diagram.
• Fermionic Φ and scalar φ 
• Scalar Φ and fermionic φ. We find that the expressions are the same as the ones of previous case after doing x 2 ↔ x 3 , x 4 ↔ x 5 with r φ ↔ r Φ . Such behavior can be directly inferred from the Lagrangians in Table III and Eq. (19).
• Fermionic Φ and vector φ 
